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摘 要 
1,3-丙二醇（1,3-PD）是一种重要的化工原料，具有广泛的应用领域，最主
要的用途是作为合成高分子材料的单体。发酵法生产 1,3-PD 以其利用可再生资
源和对环境友好等优点日益受到重视，但大部分研究以纯甘油为底物，成本较高。
如果以价格低廉的工业粗甘油为底物，可大大降低生产成本。 
本论文以工业粗甘油为底物，利用代谢进化方法筛选能快速厌氧转化粗甘油
产 1,3-PD的 Clostridium butyricum，提高 1,3-PD的产量和生产强度，以降低发酵
法生产 1,3-PD 的成本。研究内容分为三个部分：菌种代谢进化、通过发酵对比
选取优势菌株、补料分批发酵过程优化。 
一、通过在培养基中添加高浓度的粗甘油和丁酸对一株课题组自行筛选的原
始菌 C. butyricum进行代谢进化，使 C. butyricum能够耐受 100 g/L的粗甘油和
20 g/L的丁酸，并且使摇瓶发酵培养时间从 24 h缩短为 12 h。 
二、通过发酵考察不同进化代数菌株的发酵性能。分批发酵结果表明，代谢
进化可以使菌株生长加快，分批发酵时间显著缩短；通过补料分批发酵对比得到
一株优势菌株（Gen140，进化 140代），其 1,3-PD产量达 68.5 g/L，转化率为 0.506 
g/g，生产强度为 1.37 g/L/h。通过高层琼脂柱培养法从 Gen140中分离出 2株单
菌落，最后选取 1株生产能力较强的菌株 Gen140B作为后续考察菌株。 
三、对补料分批发酵条件进行研究，试图通过优化补料策略、pH控制策略、
补加氮源等手段来提高 1,3-PD的产量，主要结果如下： 
（1）通过控制补料速率来控制发酵液中甘油浓度（10 g/L左右）的补料方
式效果最好，其优势在于菌体浓度高、发酵时间短、转化率和生产强度高，且残
余甘油浓度低，有利于降低下游分离成本。 
（2）分批发酵采用氨水调节 pH有利于菌体的生长，发酵时间缩短，1,3-PD
的生产强度明显提高。但补料分批发酵采用氨水调节 pH却对发酵不利，原因可
能是发酵中后期积累的高浓度铵离子对菌体生长代谢产生了抑制作用。两阶段温
度控制的发酵结果表明，在补料阶段降低温度并不能提高最终产物浓度，而使发
酵时间变长，1,3-PD生产强度降低。 
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II 
（3）在补料分批发酵中补加无机氮源虽然不能提高最终 1,3-PD浓度，但能
使发酵时间缩短，1,3-PD生产强度为 1.96 g/L/h，提高了 41%。在补料分批发酵
中补加有机氮源也不能提高最终 1,3-PD 浓度，但能显著缩短发酵时间，1,3-PD
生产强度显著提高。当补料液中酵母粉浓度为 40 g/L 时，发酵时间为 26.0 h，
1,3-PD生产强度为 2.56 g/L/h，提高了 87%，而当补料液中酵母粉浓度为 60 g/L
时，1,3-PD产量和生产强度没有明显差别。 
关键词：1,3-丙二醇  粗甘油  丁酸梭菌  代谢进化  补料优化
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Abstract 
1,3-Propanediol (1,3-PD) is an important chemical compound with wide range of 
applications. It is mainly used as a monomer for the synthesis of various polymers. 
Microbial production of 1,3-PD has attracted wide attentions as it uses renewable 
resources and dose not generate pollutants. Most studies were done using pure 
glycerol and its cost is high. The cost could be reduced if raw glycerol is used. 
In this paper, industrial raw glycerol was used as the substrate to produce 1,3-PD 
by Clostridium butyricum. In order to find a route to produce 1,3-PD with low cost 
and high productivity by metabolic evolution, finding out the most dominant strains 
and fed-batch fermentation progress optimization. Results are as follows: 
1. Application of metabolic evolution to enhance 1,3-PD production performance of 
C. butyricum by adding high concentrations of raw glycerol, and butyric acid to the 
media. As a result, the tolerance and growth efficiency of strains improved 
significantly. Gen160 could tolerate up to 100 g/L of raw glycerol, 20 g/L of butyric 
acid while the fermentation time was shortened from 24 h to 12 h.  
2. Finding out the most dominant strains by fermentation. The results of batch 
cultures indicated that fermentation time could be significantly shortened and 1,3-PD 
productivity was improved by metabolic evolution. The results of fed-batch cultures 
indicated that Gen140 was the most dominant strains. The 1,3-PD concentration, yield 
and productivity of it’s fermentation were 68.5 g/L, 0.506 g/g and 1.37 g/L/h. Two 
single colonies(Gen140A, Gen140B) were isolated by deep agar column method, and 
at last Gen140B was chosen for further research for its higher production capacity. 
3. As 1,3-PD is a typical growth associated product, culture conditions of fed-batch 
culture were investigated to increase biomass to enhance 1,3-PD production. Results 
are as follows: 
(1) The best feeding mode was Glycerol concentration control (around 10 g/L) 
for its higer biomass, yield, productivity and less fermentation time than constant 
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speed feeding. What’s more, the low residual glycerol concentration was also an 
advantage for reducing the seperation price. 
(2) Aqueous ammonia was used to adjust the pH during the batch fermentation 
which could restrain the production of acetic acid. Then it can promote the 
germination of bacteria, shorten the fermentation time and improve the 1,3-PD 
productivity. But when applied the aqueous ammonia to adjust the pH during the 
fed-batch culture, the result was not well. The phenomenon could be explained that 
the growth metabolism of bacteria was inhibited by high concentrations of ammonium 
ions as the over addition of aqueous ammonia during the middle and later-phase of 
fermentation. The results of two-stage temperature control fermentation indicated that 
reducing temperature could not improve the 1,3-PD concentration. Conversely, the 
time of fed-batch culture grew longer and the productivity of 1,3-PD was reduced. 
(3) The addition of inorganic nitrogen source during the fed-batch cultures could 
effectively shorten the fermentation time. While the concentration of 1,3-PD varied a 
little, the 1,3-PD productivity increased by 41% to 1.96 g/L/h. 
The addition of organic nitrogen source during the fed-batch fermentation could 
effectively shorten the fermentation time and increase the 1,3-PD productivity while 
the production of 1,3-PD was not improved. When the concentration of yeast extract 
in feeding solution was 40 g/L, the fermentation time shortened by 45% to 26.0 h and 
the 1,3-PD productivity increased by 87% to 2.56 g/L/h. While further increase the 
concentration of yeast extract to 60 g/L, the yield and the production of 1,3-PD 
changed a little. 
Key words: 1,3-propanediol; raw glycerol; Clostridium butyricum; metabolic 
evolution; fed-batch optimization 厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
V 
目录 
摘 要 ........................................................................................................... I 
Abstract ................................................................................................... III 
第一章 文献综述 ...................................................................................... 1 
1.1 生物柴油与其副产物粗甘油 ............................................................................ 1 
1.1.1 生物柴油简介 .............................................................................................................. 1 
1.1.2 粗甘油的利用 .............................................................................................................. 2 
1.2 1,3-丙二醇简介 ................................................................................................... 3 
1.2.1 1,3-丙二醇的性质与应用 ............................................................................................. 3 
1.2.2 1,3-丙二醇的合成方法 ................................................................................................. 3 
1.3 发酵甘油生产 1,3-丙二醇的研究进展 ............................................................. 6 
1.3.1 菌种 .............................................................................................................................. 6 
1.3.2 代谢途径和关键酶 ...................................................................................................... 7 
1.3.3 代谢产物对菌体生长代谢的影响 .............................................................................. 9 
1.3.4 优良生产菌株的选育 ................................................................................................ 11 
1.3.5 发酵方式 .................................................................................................................... 11 
1.4 代谢工程在发酵甘油产 1,3-丙二醇中的应用 ............................................... 13 
1.4.1 在原始生产菌中过量表达关键酶 ............................................................................ 13 
1.4.2 阻断副产物代谢途径 ................................................................................................ 14 
1.4.3 构建辅酶再生系统 .................................................................................................... 15 
1.4.4 将 dha操纵子克隆到非 1,3-丙二醇生产菌中 ......................................................... 15 
1.5 以粗甘油为原料生产 1,3-丙二醇 ................................................................... 16 
1.5.1 生物转化甘油生产 1,3-丙二醇的成本问题 ............................................................. 16 
1.5.2 生物转化粗甘油产 1,3-丙二醇的研究现状 ............................................................. 17 
1.6 代谢进化 .......................................................................................................... 18 
1.7 本课题研究目的和内容 .................................................................................. 19 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
VI 
第二章 丁酸梭菌代谢进化的研究 ........................................................ 20 
2.1 实验材料和方法 .............................................................................................. 20 
2.1.1 菌种 ............................................................................................................................ 20 
2.1.2 实验试剂 .................................................................................................................... 20 
2.1.3 主要仪器和设备 ........................................................................................................ 21 
2.1.4 培养基 ........................................................................................................................ 21 
2.1.5 实验方法 .................................................................................................................... 22 
2.1.6 分析方法 .................................................................................................................... 23 
2.2 结果与讨论 ...................................................................................................... 25 
2.2.1 粗甘油浓度对代谢进化的影响 ................................................................................ 25 
2.2.2 培养时间对代谢进化的影响 .................................................................................... 26 
2.2.3 丁酸浓度对代谢进化的影响 .................................................................................... 29 
2.3 单菌落分离 ...................................................................................................... 33 
2.4 小结 .................................................................................................................. 33 
第三章 1,3-丙二醇补料分批发酵条件优化的研究 .............................. 34 
3.1 实验材料和方法 .............................................................................................. 34 
3.1.1 菌种 ............................................................................................................................ 34 
3.1.2 实验试剂 .................................................................................................................... 34 
3.1.3 主要仪器和设备 ........................................................................................................ 34 
3.1.4 培养基 ........................................................................................................................ 34 
3.1.5 实验方法 .................................................................................................................... 34 
3.1.6 分析方法 .................................................................................................................... 35 
3.2 结果与讨论 ...................................................................................................... 35 
3.2.1 补料方式对补料分批发酵的影响 ............................................................................ 35 
3.2.2 pH调节方式对发酵的影响 ....................................................................................... 38 
3.2.3 变温控制对补料分批发酵的影响 ............................................................................ 41 
3.2.4 无机氮源对补料分批发酵的影响 ............................................................................ 43 
3.2.5 有机氮源对补料分批发酵的影响 ............................................................................ 45 
3.3 小结 .................................................................................................................. 48 
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录 
VII 
第四章 总结与展望 ................................................................................ 49 
4.1 总结 .................................................................................................................. 49 
4.2 展望 .................................................................................................................. 50 
参考文献 .................................................................................................. 51 
硕士在读期间发表论文 .......................................................................... 64 
致谢 ........................................................................................................... 65 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Contents 
VIII 
Contents 
Chinese Abstract ....................................................................................... I 
English Abstract ..................................................................................... III 
Chapter 1 Introduction ............................................................................. 1 
1.1 Biodiesel and raw glycerol ................................................................................. 1 
1.1.1 Introduction of biodiesel ............................................................................................... 1 
1.1.2 Utilization of raw glycerol ............................................................................................ 2 
1.2 Intruction of 1,3-propanediol ............................................................................ 3 
1.2.1 Applications of 1,3-propanediol .................................................................................... 3 
1.2.2 Methods of 1,3-propanediol production ........................................................................ 3 
1.3 Advances in 1,3-propanediol fermentation from glycerol .............................. 6 
1.3.1 Microorganism .............................................................................................................. 6 
1.3.2 Metabolic pathway and key enzymes ............................................................................ 7 
1.3.3 Effect of metabolites on fermentation ........................................................................... 9 
1.3.4 Selection of active producing strains ........................................................................... 11 
1.3.5 Fermentation patterns .................................................................................................. 11 
1.4 Application of metabolic engineering in 1,3-propanediol fermentation ..... 13 
1.4.1 Over-expression of key enzymes in 1,3-propanediol producing strains ...................... 13 
1.4.2 Breaking pathway of byproducts ................................................................................. 14 
1.4.3 Constructing cofactor regeneration system ................................................................. 15 
1.4.4 Expression of dha operon in other strains ................................................................... 15 
1.5 1,3-Propanediol fermentation from raw glycerol .......................................... 16 
1.5.1 Producton cost of 1,3-propanediol .............................................................................. 16 
1.5.2 Advances in 1,3-propanediol fermentation from raw glycerol .................................... 17 
1.6 Metabolic Evolution ......................................................................................... 18 
1.7 Contents and purpose of the thesis ................................................................. 19 
Chapter 2 Studies on metabolic evolution of Clostridium butyricum . 20 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Contents 
IX 
2.1 Materials and Methods .................................................................................... 20 
2.1.1 Microorganism ............................................................................................................ 20 
2.1.2 Experimental reagents ................................................................................................. 20 
2.1.3 Experimental instruments ............................................................................................ 21 
2.1.4 Culture media .............................................................................................................. 21 
2.1.5 Experimental metheds ................................................................................................. 22 
2.1.6 Analytical methods ...................................................................................................... 23 
2.2 Results and Discussion ..................................................................................... 25 
2.2.1 Effect of raw glycerol concentration on metabolic evolution ..................................... 25 
2.2.2 Effect of raw incubation time on metabolic evolution ................................................ 26 
2.2.3 Effect of butyric acid concentration on metabolic evolution ....................................... 29 
2.3 Single colonies separation ............................................................................... 33 
2.4 Summary ........................................................................................................... 33 
Chapter 3 Studies on culture conditions of fed-batch culture ............ 34 
3.1 Materials and Methods .................................................................................... 34 
3.1.1 Microorganism ............................................................................................................ 34 
3.1.2 Experimental reagents ................................................................................................. 34 
3.1.3 Experimental instruments ............................................................................................ 34 
3.1.4 Culture media .............................................................................................................. 34 
3.1.5 Experimental methods ................................................................................................. 34 
3.1.6 Analytical methods ...................................................................................................... 35 
3.2 Results and Discussion ..................................................................................... 35 
3.2.1 Effect of feeding strategy on fed-batch culture ........................................................... 35 
3.2.2 Effect of pH control strategy on fed-batch culture ...................................................... 38 
3.2.3 Effect of temperature-shift strategy on fed-batch culture ............................................ 41 
3.2.4 Effect of inorganic nitrogen source on fed-batch culture ............................................ 43 
3.2.5 Effect of organic nitrogen source on fed-batch culture ............................................... 45 
3.3 Summary ........................................................................................................... 48 
Chapter 4 Conclusions and Prospects ................................................... 49 
厦
门
大
学
博
硕
士
论
文
摘
要
库
Contents 
X 
4.1 Conclusions ....................................................................................................... 49 
4.2 Prospects ........................................................................................................... 50 
Reference .................................................................................................. 51 
Publications ............................................................................................. 64 
Acknowledgments ................................................................................... 65 
 
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
说明 
XI 
论文表格中的符号说明及其单位： 
S0             发酵初始甘油浓度（g/L） 
Sf             发酵结束时甘油浓度（g/L） 
X             发酵过程中发酵液最大的细胞干重值（g/L） 
Time            发酵时间（h） 
PD            发酵生成的 1,3-丙二醇的浓度（g/L） 
Hac             发酵生成的乙酸的浓度（g/L） 
Hbu           发酵生成的丁酸的浓度（g/L） 
Yp/s             1,3-丙二醇对甘油的转化率（g/g） 
Qp             1,3-丙二醇的生产强度（g/L/h） 
YE            培养基中酵母粉的浓度（g/L） 
T               培养温度（°C） 
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第一章 文献综述 
1.1 生物柴油与其副产物粗甘油 
自 18 世纪第一次工业革命以来，能源已经成为人类社会生存与发展必不可
少的物质基础。在人类社会消耗的能源中 85%以上是化石能源，包括石油、煤炭
和天然气。但是，化石能源的储量有限，而且其属于不可再生能源，在当前全球
社会经济快速发展的背景下，人类社会对能源需求与日俱增，例如我国的石油进
口量已占石油消费量的 50%以上，全球能源危机日趋严重，以化石能源为主的能
源结构具有明显的不可持续发展性；同时，在化石能源的燃烧利用过程中会产生
大量的空气污染物，如氮氧化合物和硫化合物，全球的环境问题日益严峻。因此，
为实现社会经济的可持续发展，世界各国都在大力研究开发环境友好的可再生能
源，特别是生物燃料，一种重要的生物燃料——生物柴油便应运而生。 
1.1.1 生物柴油简介 
生物柴油是以动植物油脂为原料，与短链醇（一般用甲醇）通过酯交换反应
生产的可用于压燃式发动机燃烧的一种替代燃料，其酯交换反应过程如图 1-1。 
 
图 1-1 生物柴油生产过程的酯交换反应 
Fig. 1-1 Transesterification in biodiesel production process 
与石化柴油相比，生物柴油是长链脂肪酸甲酯，其分子量接近石化柴油，在
燃烧性能上两者的各项指标也非常接近，但生物柴油具有以下优点：（1）以动植
物油脂为原料，具有可再生性；（2）基本不含有害物质，同时可微生物降解，具
有环境友好性；（3）十六烷值高，含氧量高，具有良好的燃烧性能；（4）冷凝点
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低，具有较好的低温发动机启动性能；（5）具有较高的运动粘度，对发动机具有
较好的润滑性能；（6）闪点高，具有较好的安全性能；（7）可与传统石化柴油以
任何比例混合。总之，生物柴油是一种环境友好的可再生替代能源，发展生物柴
油产业已经成为世界各国保障能源安全的重要举措[1, 2]。 
在生物柴油的酯交换生产过程中有副产物甘油生成，其质量约占总物料量的
10%[3]。纯甘油是一种非常重要的工业原料，具有广泛的应用领域，如食品和医
药领域，但是在生物柴油生产过程中得到的副产物甘油含有大量杂质和色素，一
般不能被直接利用，故被称为工业粗甘油。 
1.1.2 粗甘油的利用 
虽然经过过滤、蒸馏、精馏、脱色、除臭以及通过离子交换除去微量物质等
过程可以将粗甘油提纯为纯甘油，但因其过程复杂而导致成本非常高，是一般中
小型生物柴油企业所无法承受的[3]。通常，生物柴油企业将粗甘油直接作为商品
出售，这在一定程度上降低生物柴油的生产成本。所以粗甘油的价格越高，生物
柴油的生产成本越低，即粗甘油的价格与生物柴油的生产成本之间成反比的关系
[4]。但是近年来受能源危机的影响，世界各国都在大力发展生物柴油产业，随之
而来的结果是产生大量的粗甘油充斥市场，粗甘油的供应量远大于需求量，导致
其价格急剧下跌[5, 6]。因此，通过直接出售粗甘油已经不能有效降低生物柴油的
生产成本，而生产成本问题是影响生物柴油产业能否可持续发展的关键问题之一
[2, 4]。当前，如何的有效利用价格低廉的粗甘油成为生物柴油产业能否可持续发
展的关键和保障。 
为了有效延长生物柴油的产业链，间接降低生物柴油的生产成本，可以通过
化学催化[7]或微生物发酵[5, 6, 8, 9]将粗甘油转化成各种高附加值的化学品。化学催
化的产物选择性低，同时需要高温高压的反应条件，相比之下，通过微生物发酵
转化利用粗甘油更具发展潜力。微生物发酵可以将粗甘油转化成多种化学品，如
1,3-丙二醇、乙醇、2,3-丁二醇、柠檬酸、微生物油脂和乳酸等。Posada 等[10]对
利用粗甘油生产不同产品的工艺过程进行模拟，并对不同工艺过程的经济性进行
评价，发现利用粗甘油发酵生产 1,3-丙二醇的利润最高，生产氢气的利润最低。 
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